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This application claims the benefit of priority from U.S. Application No. 
60/182,329, filed February 14, 2000, which application is fully incorporated 
herein by reference. 



Field of the Invention 

The present invention relates to optical SNR boosters. More 
particularly, the present invention relates to nonlinear optical loop mirrors 
15 unbalanced by one or more nonlinearities. 

Description of Related Art 

As the number of wavelengths in wavelength-division multiplexed 
(WDM) systems increases, electronic regenerators can increasingly 

20 dominate the cost of transmission links. One electronic regenerator can be 
required per wavelength channel, and for N wavelengths the cost of the N 
regenerators can become prohibitive. N can presently approach 100 or 
larger. An electronic regenerator can be a so-called 3-R regenerator, 
restoring timing, pulse shape, and pulse amplitude. Optical amplifiers have 

25 been a key enabler for WDM networks because a single amplifier can 

simultaneously provide gain to a number of wavelength channels. By using 
an all-optical solution, the transmission line can be at least semi-transparent 
by avoiding optical-to-electronic and electronic-to-optical conversions. 



30 optical amplifiers to compensate for the loss of the fiber. Each amplifier, 

however, can introduce noise, or amplified spontaneous emission, during the 



10 



BACKGROUND OF THE INVENTION 



A typical fiber-optic transmission line can have periodically-spaced 
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amplification process, which in turn can degrade the SNR. As the signal 
traverses more amplifiers, the SNR can decrease. In a telecommunication 
system, an electronic regenerator can be typically inserted every five 
amplifier spans, corresponding to about 400-600 km between regenerators 

5 (c.f. Fig. 1). The optical amplifier can be a 1-R device restoring signal 
amplitude, while the regenerator can boost the SNR and perform the 3-R 
functions. As the number of wavelengths increases and the cost of 
amplifiers decreases, the economics of the transmission links can be 
dominated by the regenerators. In addition, the physical size or footprint of 

10 these electronic regenerators in a central office begins to dominate the cost. 

To increase the capacity of systems while reducing the cost, several 
upgrades can be being planned. First, the amplifier span can be increased. 
Second, the bit-rate per channel can be increased. Third, more channels of 
WDM at new wavelengths can be added. All three of these steps can lead 

15 to a degradation of the SNR. To permit these upgrades while reducing the 
need for electronic regeneration, the SNR can be periodically boosted. In 
WDM systems the SNR booster can be used with multiple wavelength 
channels without increasing cost or complexity along with the number of 
channels. 

20 The 3R functionality can be difficult to achieve all-optically for multiple 

wavelengths. Restoration of amplitude can be achieved using an amplifier, 
and reshaping can be done using pulse reshaping in solitons. Re-timing can 
be difficult to accomplish except on a channel-by-channel basis such as with 
an electronic regenerator. For operation at multiple wavelengths, the timing 

25 between channels can vary since each wavelength can have a different 
group velocity dispersion. Timing extraction or clock recovery for multiple 
wavelength channels can be done with physically separated channels. In 
all-optical solutions re-timing can be difficult with a fixed speed-of-light. 
Building an all-optical 3-R regenerator can be difficult. 
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One step toward an all-optical regenerator can be an all-optical 
signal-to-noise ratio (SNR) booster, or optical sweeper. Therefore, what is 
needed is an optical SNR booster that can simultaneously operate for 
multiple wavelength channels and/or can remove both in-band and out-of- 
5 band noise. 

SUMMARY OF THE INVENTION 

The all-optical SNR booster can remove in-band and out-of-band 
10 noise. The all-optical SNR booster can simultaneously operate for multiple 
wavelength channels. The SNR booster can permit an increase in the 
spacing between electronic regenerators, thereby reducing the cost of the 
system. 

The optical sweeper can reduce the cost of systems and permit 

15 bandwidth upgrades. The optical sweeper can have applications in long- 
haul, metro and router networks, and can apply to new and legacy systems. 
The optical sweeper can reconfigure current optical amplifiers to 
simultaneously amplify, dispersion compensate, and boost the signal to 
noise ratio. One optical sweeper embodiment can be an all-fiber 

10 embodiment made from commercially available parts. 

One embodiment of a non-linear optical loop mirror for processing 
optical signals can include an optical fiber, a bi-directional amplifier, and a 
coupler. The optical fiber can include a signal input and a signal output. At 
least a portion of the optical fiber can include a dispersion compensating 

25 fiber. At least a portion of the optical fiber can form a loop. The dispersion 
compensating fiber can have an absolute magnitude of dispersion of at least 
20 ps/nm-km for at least a portion of wavelengths in the optical signals. The 
bi-directional amplifier can be coupled to the optical fiber. The coupler can 
be coupled to a first portion of the optical fiber and a second portion of the 

30 optical fiber to form a fiber loop. 
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One embodiment of a non-linear optical loop mirror for processing 
optical signals can include a first optical fiber, a second optical fiber, a bi- 
directional amplifier, and a coupler. The first optical fiber can include a 
signal input and a signal output. The second optical fiber can be coupled to 
5 the first optical fiber to form a fiber loop. At least a portion of the second 
optical fiber can include a dispersion compensating fiber that can have an 
absolute magnitude of dispersion of at least 20 ps/nm-km for at least a 
portion of wavelengths in the optical signals. The bi-directional amplifier can 
be coupled to at least one of the first and second optical fibers. The coupler 

10 can be coupled to the first and second optical fibers. 

One embodiment of a method of processing optical signals can 
include providing a non-linear optical loop mirror that includes a dispersion 
compensating fiber and a fiber loop, the dispersion compensating fiber 
having an absolute magnitude of dispersion of at least 20 ps/nm-km for at 

15 least a portion of wavelengths in the optical signals; introducing the optical 
signal to the non-linear optical loop mirror; and simultaneously amplifying 
and dispersion compensating the optical signal in the non-linear optical loop 
mirror. 

One embodiment of a non-linear optical loop mirror for processing 
20 optical signals can include an optical fiber, a bi-directional amplifier, and a 
coupler. The optical fiber can include a signal input, a signal output, and a 
fiber loop. At least a portion of the optical fiber can include a sufficiently 
large dispersion to minimize phase shift interactions between adjacent 
wavelength signals of the optical signals. At least a portion of the optical 
25 fiber can form a fiber loop. The bi-direcfional amplifier can be coupled to the 
optical fiber. The coupler can be coupled to the fiber loop. 

One embodiment of an optical regeneration system can include a 
wavelength demultiplexer, a wavelength multiplexer, and a plurality of 
nonlinear optical loop mirrors. Each of the plurality of nonlinear optical loop 
30 mirrors can include a first fiber, a second fiber, a coupler, and a first optical 
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amplifier. Tlie first fiber can include a first end, a second end, and a first 
effective nonlinearity. The first effective nonlinearity can be determined at 
least by an index of refraction of the first fiber and an effective area of the 
first fiber. The second fiber can include a first end, a second end, and a 
5 second effective nonlinearity determined at least by an index of refraction of 
the second fiber and an effective area of the second fiber. The first effective 
nonlinearity can be distinct from the second effective nonlinearity. The 
coupler can be coupled to the first end of the first fiber, the first end of the 
second fiber, the wavelength demultiplexer, and the wavelength multiplexer. 

10 The first optical amplifier can be coupled to the second end of the first fiber 
and the second end of the second fiber. The first optical amplifier amplifies at 
least signals traveling in a first direction from the second end of the first fiber 
to the second end of the second fiber and signals traveling in a second 
direction from the second end of the second fiber to the second end of the 

15 first fiber. 

One embodiment of an optical system for processing optical signal, 
can include an input optical fiber, a splitter, and at least a first loop mirror. 
The splitter can be coupled to the input optical fiber. The splitter separates 
adjacent channels of an input optical signal. At least a first loop mirror can 
20 be coupled to the splitter. At least a first loop mirror includes a fiber loop. At 
least a portion of the fiber loop includes a dispersion compensating fiber. At 
least a portion of the dispersion compensating fiber can have an absolute 
magnitude of dispersion of 20 ps/nm-km for a majority of wavelengths in the 
optical signals. 

25 One embodiment of a non-linear optical loop mirror can include a first 

optical fiber, a second optical fiber, and a coupler. The first optical fiber can 
include a first effective non-linearity. The second optical fiber can be 
coupled to the first optical fiber and can form a fiber loop. The second 
optical fiber can include a second effective non-linearity that can be different 

30 from the first effective non-linearity. The coupler can be coupled to the first 
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and second optical fibers. A length of the first optical fiber can be greater 
than a walk-off length for at least a portion of adjacent wavelengths 
propagating in the first fiber. 

One embodiment of a non-linear optical loop mirror can include a first 
5 optical fiber, a second optical fiber, bi-directional amplifier, and a coupler. 
The first optical fiber can include a first effective non-linearity. The second 
optical fiber can be coupled to the first optical fiber and can form a fiber loop. 
The second optical fiber can include a second effective non-linearity that can 
be different from the first effective non-linearity. The bi-directional amplifier 
10 can be coupled to at least one of the first and second optical fibers. The 
coupler can be coupled to the first and second optical fibers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is an embodiment of a configuration of amplifiers and 
regenerators in typical communications systems. 
15 Figure 2 is an embodiment of a non-linearity unbalanced nonlinear 

loop mirror. 

Figures 3(a) is a graph illustrating the peak intensity in NU-NOLM for 
pulses travelling clockwise. 

Figure 3(b) is a graph illustrating the peak intensity in NU-NOLM for 
20 pulses travelling counter-clockwise (CCW) directions, such as from 
Figure 3(a). 

Figure 3(c) is a graph illustrating the non-reciprocal behavior in the 
two directions leads to a differential phase shift, such as from Figures 3(a)- 
3(b). 

25 Figure 4 is an embodiment of a nonlinearity-unbalanced amplifying 

loop mirror with a bi-directional amplifier at the mid-point of the loop. 

Figure 5 is a graph illustrating one embodiment of simulated 
transmissions of NU-NALM with a 10dB bi-directional amplifier at the mid- 
point of the loop. 
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Figure 6(a) is a graph illustrating one embodiment of input/output 
temporal pulse profiles of simulated NU-NALM with lOdB gain, such as from 
Figure 4. 

Figure 6(b) is a graph illustrating one embodiment of an input/output 
5 temporal pulse profiles of simulated NU-NALM after recompression. 

Figure 7 is a graph illustrating simulated transmission of NU-NALM for 
a 1550 nm pulse co-propagating with a second pulse launched. 

Figure 8 is a graph illustrating simulated transmission at 1550 nm of 
10 dB NU-NALM for a 1550 nm pulse and for co-propagating 1550 nm and 
10 1553 nm pulses. 

Figure 9(a) shows an embodiment of a NU-NALM SNR booster 
device with a pre-amplifier to amply signals to levels required for optimal 
operations. 

Figure 9(b) shows an embodiment of a NU-NALM SNR booster 
15 devices with post-dispersion compensation to restore output pulse width, 
such as from Figure 9(a). 

Figure 9(c) shows an embodiment of a NU-NALM SNR booster 
devices with a dispersive pre-chirper to minimize effects of pulse 
broadening, such as from Figure 9(a). 
20 Figure 10 shows an embodiment of a WDM system with NU-NALM 

SNR booster devices. 

Figure 1 1 shows an embodiment of a basic configuration of the optical 
sweeper. 

Figure 12 shows an embodiment of a basic amplifier node. 
25 Figure 13 is a graph illustrating one embodiment of a bandwidth of 

NOLM >50 nm. 

Figures 14(a) - (c) shows embodiments of a multi-stage 
amplifier/SNR booster. 

Figure 15 shows an embodiment of a bi-directional amplifier reducing 
30 sensitivity to reflections. 
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Figure 16 shows an embodiment accommodating closer channel 
spacing. 

Figure 17 shows an embodiment of a transmission link simulation. 
Figures 18 (a) - (c) shows embodiments comparing the 
5 configurations. 

Figure 19 is a graph illustrating one embodiment of intensity 
dependent transmission of DCF/NALM. 

Figure 20 is a graph illustrating one embodiment of an interchannel 
cross-talk for nearest neighbor WDM channels. 
10 Figure 21 is a graph illustrating one embodiment of a nonlinerar 

transmission for two channels separated by 3 nm. 



embodiments that can satisfy most of the requirements for the SNR booster. 
A nonlinearity-unbalanced nonlinear optical loop mirror (NU-NOLM) can 
include two adjoining fibers with different effective nonlinearities to 
unbalance the interferometer and/or to provide intensity-dependent 

20 switching. A nonlinearity-unbalanced nonlinear amplifying loop mirror 
(NU-NALM) enhances the nonlinearity unbalance while reducing the 
required fiber length by placing a bi-directional optical amplifier in the loop 
mirror. One embodiment places the bi-directional optical amplifier near the 
mid-point of the loop mirror. The NU-NALM can operate on the basis of 

25 intensity differences and may not require a delicate balance between 

nonlinearity and dispersion. Fiber lengths shorter than a dispersive length 
can be used to minimize pulse shape distortions. Multi-wavelength 
operation for the NU-NOLM and/or the NU-NALM can be achieved by 
controlling the walk-off between channels by using dispersion. 

30 Preliminary simulations can design one embodiment of an SNR 

booster, for example, for 10 Gb/s, 20 psec RZ pulses. The embodiment can 



DETAILED DESCRIPTION OF THE INVENTION 



15 



Nonlinearity-unbalanced optical loop mirrors include all-fiber 
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use 1.85 km lengths of dispersion-compensating fiber and standard fiber, a 
10 dB bi-directional erbium-doped fiber amplifier, and a 50:50 coupler at the 
base of the loop. The design can be all-fiber and can include commercially 
available elements. A peak transmitted power that can be 9X the input can 
5 be obtained at an input average power of 16 mW, which can be within a 
factor of 4 of the power levels used in OC-192 transmission systems. There 
may be no pulse break-up, and observed pulse broadening can be 
recompressed using pre-chirping, dispersion compensation, and/or 
propagation in the transmission line. The embodiment can work for multi- 

10 wavelength channels without cross-talk, such as when the channel spacing 
can be, for example, 3 nm or larger. Transmission systems with 100 GHz 
channel spacing can require four such embodiments to achieve SNR 
boosting for all channels. Transmission systems with 50 GHz channel 
spacing can require eight such embodiments to achieve SNR boosting for all 

15 channels. 

An ail-optical SNR booster or regenerator can be designed for a 
variety of signal channels. Signals can be of the return-to-zero (RZ), or 
soliton format. The embodiment can be surrounded by NRZ-to-RZ and RZ- 
to-NRZ converters. The WDM system can include, for example, equally 

20 spaced channels, which can be due to filtering technologies such as Fabry- 
Perot based embodiments, Mach-Zehnder interferometer based 
embodiments, and/oror waveguide grating routers. Group-velocity 
dispersion can be such that adjacent WDM channels can have the closest 
velocity to one another. Such dispersion can have a roughly linear slope 

25 with wavelength, which can be true of many standard and dispersion-shifted 
fibers. Therefore, when concerned about interaction or cross-talk between 
channels, the nearest neighbor wavelength channels can be the channels of 
concern. 

A regenerative embodiment that simultaneously can boost the SNR 
30 for a number of wavelength channels, can perform one or more of the 
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following: boost SNR by rejecting the low-level noise and transmitting the 
higher level signals; operate simultaneously for multiple wavelengths without 
cross-talk between channels; work independently of the input state of 
polarization; operate over a wide frequency range (i.e., broadband); not 
5 require timing recovery or a beam other than the multi-wavelength signal 
input; not require O/E and E/0 conversions; function at power levels close to 
the signal levels In the transmission line or after optical amplification of the 
signal; have relatively low insertion loss and high through-put; not cause a 
large distortion of the signal (i.e., introduce low dispersion); be an all-fiber 

10 construction and include commercially available components and fibers; 
and/or include specialty fibers enhancing performance. 

The SNR booster can compensate for one or more sources or types 
of noise. "Out-of-band noise" can be noise outside the wavelength band of 
the signal. For example, the amplified spontaneous emission from an optical 

15 amplifier can be much more broadband than the signal channel bandwidth. 
One way of removing out-of-band noise can be with a frequency filter. The 
frequency filter may not introduce too much additional loss in the signal 
bandwidth. "In-band noise" can be noise that overlaps the wavelength band 
of the signal. The in-band noise can be deleterious for fiber transmission, 

20 and can be difficult to remove. This noise source can be easier to 

distinguish in the time domain. The RZ signals can occupy certain time slots 
while the in-band noise can be continuous wave. With an intensity 
discriminator and/or a fast saturable absorber, out-of-band noise and/or in- 
band noise not temporally overlapped with the signal can be removed. 

25 Intensity-dependent switching can boost the SNR with respect to out-of-band 
and in-band noise sources. 

One embodiment that can operate as a SNR booster is a nonlinearity- 
unbalanced nonlinear optical loop mirror (NU-NOLM). A NOLM can be a 
nonlinear Sagnac interferometer comprising a coupler, with two ports of the 

30 coupler coupled by a length of fiber. The two arms of the NOLM 
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interferometer can correspond to clockwise and counter-clockwise 
propagation directions around the loop. While the interferometer is balanced 
(i.e., both directions have identical propagation characteristics), input to the 
NOLM can be reflected. When unbalanced, the NOLM can have a 
5 transmission function that depends on the intensity of light. The NOLM can 
serve as an ultrafast saturable absorber, which can be the functionality 
desired for a SNR booster. 

A number of important parameters for the NOLM include switching 
energy, fiber length, fiber dispersion, attenuation, and coupler specifications. 

10 The NOLM can be unbalanced to make a fast saturable absorber. A 

directional coupler with unequal splitting ratio can achieve asymmetry 
between clockwise and counter-clockwise traversal of the NOLM. Light 
pulses traversing the loop from the low-intensity port of the coupler can 
experience a lower nonlinear phase shift than pulses from the other port. 

15 This can result in an intensity dependent differential phase shift, and 

transmission of the NOLM. High intensity pulses at the input port can give 
rise to a larger differential phase shift. The embodiment can act as an 
intensity filter. Since the imbalance exists for both high and low intensities, 
there can be leakage at low intensity, so the tap ratio can be close to unity. A 

20 bi-directional amplifier can be asymmetrically placed and be used with a 
50:50 coupler. The asymmetry introduced by the location of the amplifier 
can result in amplified pulses traversing unequal lengths in the clockwise 
and counter-clockwise directions, accumulating different nonlinear phase 
shifts. An intensity dependent transmission can be introduced at the output 

25 of the interferometer. 

Leakage at low intensity can be improved with a balanced 50:50 
coupler and another way of unbalancing the loop. Low intensity leakage can 
be improved by replacing the bi-directional amplifier with an asymmetrically 
placed loss element. The presence of an attenuator in the NOLM can result 

30 in high insertion loss. A dispersion-unbalanced NOLM can rely on the 
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change in pulse shape and intensity of solitons resulting from the change in 
balance between dispersion and nonlinearity as the pulses traverse the two 
halves of the NOLM. This technique avoids low intensity leakage and signal 
attenuation. Fiber lengths of several soliton periods can be required to 
5 achieve adequate differential phase change, and there can be significant 
pulse broadening that can require a recompression step. Since dispersion 
can be used for intensity discrimination, the characteristics of the 
embodiment can be wavelength dependent. 

A nonlinearity-unbalanced nonlinear optical loop mirror (NU-NOLM) 

10 can include at least two adjoining fibers with different effective nonlinearities 
to unbalance the interferometer and/or to provide intensity-dependent 
switching. The dispersion can be selected for multi-wavelength operation. 
The effective nonlinearity can be defined as na/Aeff, so the imbalance can 
occur with different fiber dopings that change the nonlinear index-of- 

15 refraction n2 and/or by using fibers with different effective areas Aeff. In the 
embodiment of Fig. 2, switching can be achieved by changing the balance 
between nonlinearity and dispersion. This can be similar to the dispersion- 
unbalanced NOLM; it can use solitons and lengths of several soliton periods 
to accumulate imbalance between the two directions. With the NU-NOLM, 

20 low-intensity signals or noise, propagating in the linear regime of the fiber, 
can be unaffected by the change in effective nonlinearity. The NU-NOLM 
can appear to be balanced for low-intensity signals. Low-intensity light can 
be substantially completely reflected. For high-intensity signals propagating 
nonlinearly in the fiber, the difference in nonlinearity can lead to changes in 

25 the pulse intensity. The pulse intensity profile can be different in the two 
directions, which can result in a different nonlinear phase shift for the two 
directions, and an intensity-dependent transmission. 

A nonlinear signal can experience a difference in propagation. In the 
embodiment 200 of Fig. 2, the higher effective nonlinearity fiber is on the left 

30 side of the loop and the lower effective nonlinearity fiber is on the right side 
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of the loop. The signal intensity can correspond to a fundamental N=1 soliton 
in the higher nonlinearity fiber. The pulse propagating in the clockwise 
direction may not change intensity in the first half of the loop. The pulse 
propagating in the clockwise direction can broaden and decrease in intensity 
5 in the second half of the loop (Fig. 3a). The counter-clockwise propagating 
pulse can broaden and decrease in intensity in its first half of propagation, 
and can return toward its original pulse width in the second half of its 
propagation (Fig. 3b). Comparing Figs. 3a and 3b, the differential phase 
shift between the two arms can be proportional to the difference in area 
10 under the two curves (Fig. 3c). The goal of the NU-NOLM design can be to 
maximize the area of the difference in Fig. 3c. From Fig. 3c, one difficulty of 
the NU-NOLM can be a difficulty in matching the pulse shape at the output of 
the two directions, leading to incomplete switching and/or pulse shape 
distortions. 

15 One embodiment of the NU-NOLM 400 that can result in improved 

switching behavior is shown in Fig. 4. To enhance the nonlinearity 
unbalance while reducing the required fiber length, a bi-directional optical 
amplifier can be placed in the loop mirror, for example, near the mid-point. A 
nonlinearity-unbalanced nonlinear amplifying loop mirror (NU-NALM) can 

20 provide amplification. For low-intensity signals the configuration with the mid- 
stage amplifier can be balanced and may not result in an output. For the 
nonlinear signal the amplifier can accentuate the distinction between the 
clockwise nonlinear phase shift and counter-clockwise nonlinear phase shift. 
In one embodiment, the low and high nonlinearity fibers can have 

25 equal lengths. The normalized nonlinear phase shift in the left segment can 
be, for example, seven; while the normalized nonlinear phase shift in the 
right segment can be, for example, one. in one embodiment, this difference 
can be achieved with high-nonlinearity fiber on one side and standard fiber 
such as SMF-28 in the other side. In another embodiment, this nonlinearity 

30 difference can be obtained with dispersion-compensating fiber in one side 
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and standard fiber in the other side. The mid-stage amplifier can have a 
gain of, for example, 10 dB. In this example, the normalized nonlinear phase 
shift in the clockwise direction can be 7+10x1 = 17, while the nonlinear 
phase shift in the counter-clockwise direction can be 1+10x7=71. The 
differential normalized phase shift 71-17 = 54. In another example, if the 
gain were unity and pulse shape changes were being used to cause 
intensity changes, then the maximum normalized phase shift can be about 7- 
1 = 6, which can be about an order of magnitude smaller. 

The NU-NALM can differ from the NU-NOLM by operating on the 
basis of intensity differences may not require a delicate balance between 
nonlinearity and dispersion. As a consequence, the NU-NALM may not 
require solitons. The NU-NALM may not require long lengths of fiber 
corresponding to several soliton periods. Fiber lengths can be less than a 
soliton period so as to minimizing pulse shape distortions. With less than a 
soliton period, incomplete switching due to pulse shape differences in the 
two directions of the NU-NOLM can be avoided. For the NU-NALM the 
difference in phase shift can be much larger per unit fiber length than for the 
NU-NOLM. The phase shift can be made arbitrarily large by increasing the 
gain. Reflections can be avoided that can cause the NU-NALM to lase due to 
bi-directional amplification. The NU-NALM can be surrounded with isolators 
in the transmission system. 

The NU-NALM can have one or more of a balanced configuration, 
nonlinearity unbalancing, pulse shape changes, and/or interaction between 
different wavelength channels. With the balanced configuration, a bi- 
directional amplifier can be placed approximately at the center of the 
embodiment, for common mode gain to each direction around the loop. For 
low intensity signals, the configuration can appear substantially completely 
balanced. For nonlinearity unbalancing, the two fibers surrounding the 
amplifier can have different effective nonlinearities. The imbalance can be 
selected so that at the operating signal intensity a roughly n phase shift 
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between the two directions can be achieved. For pulse shape changes, the 
two fiber lengths can be chosen so that dispersion can be relatively 
unimportant (e.g., a fiber length shorter than a dispersive length). With an 
effective noniinearity imbalance in the loop, the dispersion can be 
independently set to meet dispersive length and/or walk-off criteria. For 
interaction between different wavelength channels, the walk-off length can 
be to be shorter than the relevant fiber lengths to minimize cross-talk 
between channels. 

The NU-NOLM and/or NU-NALM embodiments can include 
polarization controllers in the loop to align the polarization for the two 
counter-propagating directions around the loop. Specialty fibers can reduce 
the need for polarization controllers or sensitivity to their settings. In various 
embodiments, polarization maintaining fiber and/or circularly-polarized fibers 
can reduce the need to align the polarization in the two directions. 
Improvements in the polarization properties of the fiber can complement 
requirements on the dispersion and noniinearity for the NU-NOLM and/or 
NU-NALM. 

SNR boosting can include operating simultaneously for multiple 
wavelength channels without cross-talk. Multi-wavelength operation for the 
NU-NOLM and/or NU-NALM can be achieved by controlling the walk-off 
between channels. The walk-off length between adjacent channels can be 
much shorter than relevant fiber lengths. Rapid walk-off between channels 
can lead to reduced interaction length and/or less cross-talk penalty between 
channels. Higher noniinearity fiber can have a rapid walk-off between 
channels. NOLM embodiments can be biased to operate near a local 
maximum peak in transmission. Phase changes due to cross-phase 
modulation can lead to minimum change in transmission. 

Walk-off between different channels can be controlled by the group- 
velocity dispersion in the fiber. With a roughly linear slope of the group 
velocity in the vicinity of operating wavelengths, the largest cross-talk can 
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result from nearest best neighbor (or adjacent) wavelength channels. Since 
the dispersion can be particularly large in higher nonlinearity fiber, one 
embodiment includes high nonlinearity segments in dispersion compensating 
fibers (DCF), which can be commercially acquired. DCF's can have a large 
5 dispersion (e.g., about -85 ps/nm-km near 1 550 nm) and a large effective 
nonlinearity due to the increased germanium content and small core size. 
Low-nonlinearity fiber can be implemented in standard fiber, such as SMF- 
28, which can have a relatively high dispersion (e.g. about +16 ps/nm-km 
near 1550 nm) and a low effective nonlinearity due to the large core size. 

10 One embodiment of a NOLM, such as a NU-NALM, has walk-off. In 

one example, the high-nonlinearity segment can include Lucent DCF fiber, 
while the low-nonlinearity segment can include Corning SMF-28 fiber. The 
SMF-28 fiber can have n2 ~ 2.04 x 10"^° m^/W and an effective area of about 
86 i^m^, while the effective nonlinearity (n2/Aeff) can be a factor of -6.25 

15 times larger in the DCF fiber. The dispersion of the DCF can be about -85 
ps/nm-km, while the dispersion for the SMF-28 fiber can be about +16 
ps/nm-km near 1550 nm. An RZ 40Gb/s signal can be transmitted with a 
pulse width of 5 psec, and the channel spacing can be 200 GHz or about 1 .6 
nm. The walk-off length can be defined as Lwo = 2 x T / (D AX), where T can 

20 be the pulse width and AX can be the channel spacing. In the DCF, the 
walk-off length can be about 73.5 m, while in the SMF-28 fiber the walk-off 
length can be about 390.6 m. Therefore, with lengths greater than 0.5 km in 
each side of the NU-NALM, there can be adequate walk-off to minimize 
cross-talk between channels. 

25 An SNR booster can reflect one or more design criteria. The 

NU-NALM can have an intensity-dependent transmission that reflects at low 
intensities and transmits at high intensities. The cross-talk between different 
channels can be minimized by making each fiber length longer than the 
walk-off length between adjacent channels. Since the NU-NALM can be 

30 self-switching, it can be relatively independent of the input state of 
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polarization. The coupler and amplifier used in the NU-NALM can have 
polarization-independent performance. The NU-NALM can be a broadband 
embodiment. The 50:50 coupler can be broadband. The dispersion can 
insure sufficient walk-off between wavelength channels. Due to the self- 
5 switching in a NU-NALM, timing recovery may not be necessary. Since the 
embodiment can be all-optical, 0/E or E/O conversion may not be required. 
By maximizing the effective nonlinearity unbalance and increasing the bi- 
directional amplifier gain, the signal power can be made close to that In a 
typical transmission system. An optical amplifier before the NU-NALM can 

10 boost the signal level and can compensate for any insertion loss. The 
NU-NALM can have net gain and a high throughput from the intra-loop 
amplifier. By making the fiber lengths shorter than a soliton period or 
dispersive length, the pulse shape distortion can be minimized. The 
NU-NALM can be an all-fiber embodiment that can include commercially 

15 available optical amplifiers and fibers. 

One simulation of an embodiment uses numerical solutions of the 
nonlinear Schroedinger equation. A bi-directional amplifier can have, for 
example, 10 dB gain. The amplifier can include erbium-doped fiber, with, for 
example, an operational wavelength of 1550 nm. The low nonlinearity fiber 

20 can include an SMF-28 fiber with properties such as n2 = 2.04x10"^° m^/W, 
Aeff = 86 }xm^, and D = 16 ps/nm-km at 1550 nm. The high-nonlinearity, 
rapid walk-off fiber can include a Lucent DCF with properties such as n2 = 
2.96x10"^° m^AA/, Aeff = 20 ^m^, and D = -85 ps/nm-km at 1550 nm. The 
coupler at the base of the NOLM can be a 50:50 coupler. 

25 The lengths of the two fibers can be determined from the soliton 

period and walk-off length constraints. The fiber lengths can be selected to 
be less than a soliton period long to reduce pulse shape distortion, and 
longer than a walk-off length between adjacent channels to reduce cross-talk 
between channels. The soliton period can be approximately the dispersion 
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length (e.g., length scale over which dispersion can be important), and the 
soliton period can be given by 

D 

which can be simplified near 1550 nm as 

° 8 D 

The walk-off length, which can be defined as the length over which 
pulses at two wavelengths begin and end with overlap at the half power 
points, can be given by 

DM ■ 

10 In one example, a 1 0 Gb/s channel with a pulse width of 20 psec and 

a nearest best neighbor channel spacing of 200 GHz, has corresponding 
lengths in the two fibers of: 

DCF: ZoSl.85km 

= 294.1m 

15 SMF-28 Fiber: Zo=9.82km 

i^o =1.56ni 

In this example, if the NU-NOLM uses about 1 .85 km of fiber of each 
type, both conditions, of soliton period and walk-off length, can be satisfied. 
Single wavelength operation of one embodiment of a NU-NALM has a 

20 10 GHz repetition rate and 20 psec hyperbolic secant pulse input. Figure 5 
shows the nonlinear transmission as a function of average launched input 
power. Figure 5 shows an efficient and near ideal nonlinear switching 
behavior. Peak transmission can be 900% at an input of 16 mW, 
corresponding to a maximum output average power of 144 mW. Given 10 

25 dB gain amplifier within the loop, theoretical maximum output power that can 
be transmitted can be 160mW, which can be 10% larger then the observed 
peak transmission. 
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Figure 6a shows the input pulse 610 and output pulse 620 shape at 
the peak transmission point, normalized to equal heights. There may be no 
pulse break-up and/or pulse shape distortion other than broadening. The 
input pulse 610 can be about 20 psec wide FWHM. The output pulse 620 
can be about SOpsec wide. Pulse broadening can be due to chirp from 
normal dispersion (such as in the DCF) and/or self-phase modulation. The 
frequency chirp can be nearly linear. A pulse can be recompressed using 
gratings and/or propagation in fibers. When the output pulse 620 from Fig. 
6a can be propagated through 3 km of standard fiber with an anomalous 
dispersion of D = +16 ps/nm-km, the pulse can compress down from over 50 
psec to about 10.2 psec (Fig. 6b). 

The NU-NALM can have multi-wavelength operation. One 
embodiment of a two-wavelength system has the original wavelength at 
1550 nm. The second wavelength can be added, separated by AX. The 
transmission at 1550 nm can be observed. The nearest best neighbor 
wavelengths can cause the largest cross-talk penalty. In the embodiment of 
Fig. 7, the nonlinear transmission for a 16 mW input at 1550 nm can be 
monitored when a second wavelength can be added in the wavelength 
range between 1540 and 1560 nm with 16 mW input. The 730 curve can 
correspond to the two wavelength pulses being launched coincident in time, 
the 71 0 curve can be for an initial separation of +1 0 psec (half a pulse 
width), and the 720 curve can be for an initial separation of -10 psec. The 
temporal launch position can appear to have little effect on the transmission 
of the 1550 nm channel. The cross-talk between channels can be minimal 
after a channel spacing of |a;.| ~ 3nm. One design included channel spacing 
of 1.6 nm. Near doubling of the channel spacing can arise from the 
broadening in Fig. 6a, which can lead to a longer walk-off length, such as In 
the standard SMF-28 fiber. The longer pulse width can be compensated by a 
larger AX in the walk-off length formula. One way to reduce |a;i| may be to 
pre-chirp the input pulses so the broadening may not be as severe within the 
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NU-NALM embodiment. The fiber lengths can be optimized to reduce the 
minimum channel spacing required. 

Some embodiments have nonlinear transmission curves of one or two 
wavelength channels. In Fig. 8, the nonlinear transmission as a function of 
5 single-channel input average power can be plotted for the single channel for 
the 1550 nm case (810 curve, as in Fig. 5) and when a second channel at 
1553 nm can be added (820 curve). The two wavelength pulses can be 
launched coincident in time at the input. The periodicity of the transmission 
at higher powers can change considerably due to cross-phase modulation 
10 between the two channels. The first transmission can feature powers of up to 
-30 mW per channel, almost twice the operating power at the transmission 
peak, which may be hardly affected by addition of the second channel. The 
pulse shape in Fig. 6 may not change when the second wavelength channel 
is added. 

15 In one embodiment, a NU-NALM for 10 Gb/s, 20 psec RZ pulses 

includes 1.85 km lengths of DCF and SMF-28 fiber along with a 10 dB bi- 
directional erbium-doped fiber amplifier and a 50:50 coupler at the base of 
the NOLM. The design can be all-fiber, and/or elements can be 
commercially acquired. A peak transmitted power that can be 9X the input 

20 can be obtained at an input average power of 16 mW. There may be no 
pulse break-up. There may be a 2.5X pulse broadening that can be easily 
compensated with fiber propagation. Selecting a minimum channel spacing 
of 3 nm can minimize interaction between different wavelength channels. 
Some embodiments of the NU-NALM are compatible with 10 Gb/s 

25 WDM transmission systems. 10 Gb/s or OC-192 systems can use an 

average power per channel of 6 dBm (4 mW) to 10 dBm (10 mW). 10 Gb/s 
systems have a channel spacing of 100 GHz or 0.8 nm, with recent state-of- 
the-art systems having a spacing of 50 GHz or 0.4 nm. DCF or some form of 
dispersion compensation can be used periodically to avoid significant pulse 

30 broadening. 



Attorney Docket No. 20434-742 
C;\NrPortbl\PALibl\KS6\1293 172_1 .DOC (107102) 



20 



i) 



A power level for the NU-NALM can be within a factor of 4 of the 
usual power level in the system. An optical amplifier can be placed before 
the NU-NALM to boost the signal level to the 16 mW range (Fig. 9a). The 
gain in the NU-NALM can be adjusted to shift the peak to the typical power 
5 level used in an OC-1 92 system. 

Pulse broadening in some embodiments the NU-NALM can be 
handled in a number of ways. A post-compensator that provides an 
anomalous (e.g., positive sign) of dispersion can be used to narrow up the 
pulses (Fig. 9b). A pre-chirper that linearly chirps the pulse with anomalous 

10 dispersion can be used in advance of the NU-NALM (Fig. 9c). The elements 
in Figs. 9b and 9c can include appropriate lengths of fiber, bulk gratings, 
dispersive interferometers, and/or chirped fiber gratings. The fiber in the 
transmission system itself can have anomalous dispersion. Transmission 
through the fiber link may serve to compensate for the pulse broadening. 

15 Some embodiments of the NU-NALM can be part of the dispersion 
compensation used for the OC-1 92 system. 

Wavelength multiplexers and demultiplexers surrounding the 
NU-NALM embodiments can accommodate channel spacing requirements to 
avoid cross-talk between channels (Fig. 10). \f AX can be the minimum 

10 channel spacing, incoming wavelengths can be demultiplexed so adjacent 
wavelengths to any one NU-NALM can be no closer than AX. If the minimum 
channel separation in the transmission system can be 8X, the number of 
NU-NALM embodiments operating in parallel can be approximately AX/8X. 
For example, an embodiment described in the last section with a;^. ~ 3 m can 

25 be used in a system with 100 GHz or 6X ~ 0.8 nm minimum channel spacing. 
For example, four NU-NALM's can be in parallel, and the wavelength 
multiplexers and demultiplexers can be 4x1 and 1x4. Multiple NU-NALM's 
can be required. The number of NU-NALM embodiments can be much 
smaller than the number of wavelengths in a DWDM system. For electronic 

30 regeneration one embodiment per channel can be required. The SNR 
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booster can lead to significant reduction in complexity, cost, and space 
requirements. 

The NU-NALM embodiment has a bandwidth, or wavelength range 
over which the embodiment operates properly. Some factors that determine 
the bandwidth include one or more of: 

• Bandwidth of the 50:50 coupler used in the NOLM. Very 
broadband 50:50 couplers can be made. 

• Bandwidth of the bi-directional amplifier. For an erbium-doped 
fiber amplifier, the typical bandwidth can be for example, between 
32-40 nm. 

• Bandwidth restriction due to dispersion in the fiber. Since the 
NU-NALM can be unbalanced by nonlinearity rather than 
dispersion, the dispersion can insure sufficient walk-off between 
adjacent wavelength channels. Although some simulations 
assume a constant value for dispersion, dispersion can vary with 
wavelength. The dispersion can, to first order, be linear with a 
slope of approximately 0.0/ psec/nm-km. Fairly high values can be 
used for the dispersion (e.g., 1D| of 16 and 85 ps/nm-km), 
fractional change in dispersion over the bandwidth of the amplifier 
may not be significant. 

A restriction on the bandwidth of the NU-NALM can arise from the 
bandwidth of the bi-directional amplifier, which can be less than, for 
example, about 40 nm. 

An SNR booster can be a first step toward 3R regeneration for fiber- 
optic transmission systems. An all-optical SNR booster can be based on 
NU-NOLM's and/or NU-NALM's that reject in-band and out-of-band noise 
and/or operate for multi-waveiength signals in a WDM system. The 
NU-NOLM includes two fibers with different effective nonlinearities. The 
NU-NALM can add a bi-directional amplifier near the center of the loop 
mirror. In the NU-NALM the fiber lengths can be shorter than a dispersive 
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length to avoid pulse distortion and longer than a walk-off length between 
adjacent wavelength channels to avoid cross-talk between channels. 

One embodiment of the NU-NALM can have 10 Gb/s, RZ pulses with 
DCF fiber on one side and standard SMF-28 fiber on the other. Intensity 
5 dependent switching with peak transmission of 9X the input at an input 
average power of 16 mW can be obtained without pulse distortion and/or 
pulse break-up. Multi-wavelength operation with minimal cross-talk between 
channels can be obtained for a channel spacing of 3 nm or more. For 
application to an OC-192 system, an amplifier can be placed before the 

10 NU-NALM to boost the input by a factor of four. A pre-chirper, dispersion 
compensation, and/or fiber propagation in anomalous dispersion fiber can be 
used to recompress pulse broadening in the embodiment. Wavelength 
multiplexers and demultiplexers can separate closely spaced DWDM 
channels to meet a minimum wavelength separation of the NU-NALM. The 

15 bandwidth of the NU-NALM can be set by the bandwidth of the bi-directional 
amplifier in the loop. 

The optical sweeper can be used in a wide range of applications, all 
the way from very long haul systems all the way down to short haul systems. 
For example, in long haul systems it serves an important function in cleaning 

20 up the amplified spontaneous emission (ASE) from the amplifiers. In metro 
systems or metropolitan area network systems, the optical sweeper helps to 
clean up degradation from cross-talk in switches and ASE from amplifiers. 
In Internet Protocol networks or router networks, the optical sweeper can 
allow frame routing over long distances to reduce reliance on line cards. 

25 The optical sweeper can improve the reach of an all-optical transparent 
network by permitting signals to remain in the optical domain over longer 
spans. 

The dominant cost in a WDM network can be the transponders, and 
increasing the distance between regenerators can lead to considerable 
30 savings. 
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Figure 11 shows a configuration 1100 of an optical sweeper, 
comprising a simple loop mirror or Sagnac interferometer with an input and 
an output port. The ports can be coupled with a 50/50 coupler. The ports of 
the 50/50 coupler can be coupled in a loop. One end of the loop can include 
5 a bi-directional amplifier, an amplifier that amplifies signals in both directions. 
A long length of dispersion compensating fiber can be included. A lossy 
element can be included, for example at one end of the loop. A polarization 
controller or PC can be included. 

This embodiment can boost signal-to-noise ratio, amplify, and/or 
10 dispersion compensate. Dispersion compensating fiber can have a small 
core size and higher nonlinearity that reduces switching power. Dispersion 
compensating fiber can have large dispersion that can lead to rapid walk-off 
between channels. Cross-talk between WDM channels can be minimized by 
rapid walk-off. 

15 One embodiment of the bi-directional amplifier can have a gain 

between 25 and 30 dB. The lossy element can include add/drop multiplexers 
(ADMs), and/or gain equalizers. 

One embodiment of an amplifier node 1200 is shown in Figure 12. 
The ends include a low noise preamplifier and a power amplifier, in this 

20 example of a two-stage amplifier. The amplifier node 1200 can further 
include lossy elements, such as dispersion compensating fiber (DCF), 
optical add/drop multiplexers, and/or gain equalizers. The optical sweeper 
can wrap dispersion compensating fiber around the amplifier. The optical 
sweeper can include similar components. The optical sweeper can include a 

25 coupler and a polarization controller. The intensity dependent switching of 
the optical sweeper can improve signal-to-noise ratio performance. 

The optical sweeper can include an all-fiber construction. The optical 
sweeper can include available commercial components. The optical sweeper 
can include intensity dependent switching, removing in-band and out-of- 

30 band noise. The optical sweeper can operate simultaneously on multiple 
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wavelengths without cross-talk. The optical sweeper can include power 
levels comparable to power levels in transmission systems. The optical 
sweeper can amplify, dispersion compensate, and boost SNR by 
reconfiguration of the amplifier assembly. 

There are some challenges met by the optical sweeper. A relatively 
high powered amplifier may be required for a large number of wavelengths. 
Polarization controllers in the loop can require active control to handle 
environmental changes. Channel spacings less than about 2 nm can require 
demultiplexing the input to several embodiments. For multiple wavelength 
operation with arbitrary bit patterns, cross-talk can be problematic. A WDM 
test-bed can confirm requirements. 

The optical sweeper can have provide intensity dependent 
transmission to reject the noise. The optical sweeper can operate 
simultaneously for multiple wavelengths. The optical sweeper can be 
broadband. The optical sweeper can be independent of the input 
polarization. The optical sweeper can compatible with transmission line 
power levels. 

Optic to electronic and electric to optic conversions can be avoided. 
Low insertion loss and high throughput can be demonstrated. Low 
dispersion can reduce pulse distortion. One embodiment can include an all 
fiber construction, such as from conventionally available components. 

The bandwidth can be set by the amplifier. In one embodiment, the 
bandwidth is not set by the loop mirror configuration or polarization 
controllers within the loop mirror. Figure 13 shows experimental data 1300 
for one embodiment of a NOLM. This embodiment lacks an amplifier. 
Amplifier bandwidth is not considered in this embodiment. Shown here are 
transmission versus wavelength curves for three embodiments of the NOLM. 
The solid curve can be for a 5 km length of dispersion compensating fiber, 
which can have a 3 dB bandwidth of about 60 nm. The dashed curve can be 
for a 10.5 km single mode fiber that can have a 3 dB bandwidth of 57 nm. 
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The dotted curve can correspond to 15 km of single mode fiber (SMF) with a 
3 dB bandwidth of 54 nm. The polarization controller in the loop can give a 
bandwidth greater than 50 nm. The fiber type in some embodiments may 
not affect the NOLM bandwidth. The fiber length can lead to minor changes 
5 In the bandwidth. For example, at 5 km the bandwidth can be about 60 nm; 
at 10 km the bandwidth can be about 57 nm; and at 15 km the bandwidth 
can be about 54 nm. Longer fiber length can change the environmental 
stability of the loop. Active control of the polarization within the loop may be 
needed. 

^0 A multistage amplifier can be combined with a signal-to-noise ratio 

booster. In system 1410 of Figure 14(a), the gain can be split between G1 
and G2, and the lossy element can be placed entirely in between. In 1420 of 
Figure 14(b), some of the lossy elements can be included within the loop and 
some of the lossy elements outside the loop. Gain G1 and G2 can be split 

15 between amplifiers. Complexity of making one high power amplifier can be 
eliminated in some embodiments. Isolators can be included to suppress 
reflections. 

Table 1430 of Figure 14(c) shows input power, assumed to be 
-11 dBm, the gain of the first stage G1 in dB, the gain of the second stage 

20 G2 in dB, and the net output power Pout measured in dBm. For the same 
input power the gain can be split, in these examples to maintain a net gain of 
30 dB. The top line has unity or no gain in the first stage and all of the gain in 
the loop. In the fourth case, half the gain, 15 dB, occurs in the ingress 
amplifier and about half the gain, 15 dB, within the loop. The output power 

25 may not change significantly, showing great flexibility in gain element 
placement. 

A high power bi-directional amplifier can be sensitive to reflections. 
Figure 15 shows bi-directional amplifier 1500. Sensitivity to reflections in the 
bi-directional amplifier can be reduced with unidirectional amplifiers coupled 
30 to circulators. The circulators in particular transmit light from port 1 to port 2, 
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from port 2 to port 3. No other couplings occur in one embodiment. For a bi- 
directional system, a signal coming in from the left side can be split to go 
down the bottom path and amplified in the bottom path, and a signal coming 
in from the right side can be split to go down the top path and amplified in 
5 the top path. The circulators can do this splitting, and provide isolation for 
the amplifiers. 

Figure 16 shows a system 1600. Channel spacings can be 
accommodated closer than a DCF NALM alone. The DCF NALM can have a 
channel spacing of about 2 nm for enough wavelength separation to have 

10 enough walk-off within the DCF to avoid cross-talk between channels. 
Channels can be spaced by 0.8 nm (100 GHz), 0.4 nm (50 GHz), or even 
closer. Channels can be demultiplexed so that on any given line, the 
adjacent channels may be no closer than 2 nm. Each line can have a series 
of wavelengths going through a parallel combination of DCF NALMs. For 

.5 example, given a channel spacing of 0.4 nm and a minimal 2 nm separation 
between channels, 5 DCF NALMs in parallel can handle the channels. Each 
channel can be demultiplexed into 5 different lines. 

There can be sensitivity to different data formats. Simulations were 
done with non-return-to-zero (NRZ), return-to-zero (RZ), and soliton formats. 

20 To first order the DCF NALM operation depends on pulse intensity. Different 
formats can have a switching energy proportional to the data duty cycle. For 
example, an NRZ signal can have a 100 % duty cycle, an RZ signal can 
have a 50 % duty cycle, and a soliton can have a 20 % duty cycle. Switching 
energy, for example, for NRZ can be about 5 times that required for the 

25 soliton. NRZ format can require more power. NRZ format can have less 
pulse distortion. 

DCF NALM can work at various power levels. DCF NALM can be 
compatible with existing systems. Input power to an amplifier stage can be in 
the range of -10 to -1 1 dBm in an OC-192 system. Input power can be 
30 consistent with operation of the DCF NALM. 
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One embodiment includes an OC-192 NRZ format system. This 
embodiment includes 13.5 km of dispersion compensating fiber. 80 km of 
Si\/IF-28 can be compensated. An OC-192 signal had NRZ format. One 
embodiment has square pulses of 100 ps duration. A bi-directional EDFA 
had 30 dB of gain. One embodiment with the DCF fiber had 0.45 dB/km loss 
in 13.5 km fiber. One embodiment with the polarization controller had a 3 dB 
loss. The input power required for switching can be on the order of about - 
1 1 dBm, which can correspond to 0.08 mW per channel. A minimum 
channel spacing can be about 2 nm. Power from the amplifier can be about 
16 dBm, or 40 mW per channel, in the clockwise direction. Net output power 
from the embodiment can be about 9.1 dBm, or 8.1 mWper channel. Input 
power can be consistent with a typical OC-192 system. 

Figure 17 shows a system 1700. SNR can be improved. In one 
embodiment of a transmission link, a simulation launched a signal with 10 dB 
signal-to-nolse ratio. A power of 6.5 dBm allowed propagation through 
80 km of single mode fiber with a loss of 0.2 dB/km. At the ingress point to 
the SNR booster, a noisy signal has a 10 dB SNR and an input power level 
of -9.5 dBm. One embodiment of the optical sweeper included a 3 dB 
discrete loss, a 30 dB amplifier assumed to have a 5 dB noise figure, and 
13.5 km of DCF assumed to have 0.45 dB/km loss. A signal with a strength 
of 1 1 dBm and SNR of about 26 dB can come out at the output end. 
Amplification and an improvement in signal-to-noise ratio can result, in this 
embodiment by about 16 dB. 

A comparison can be made with an embodiment lacking the loop 
and/or the optical sweeper. Figure 18 shows two configurations being 
simulated. 1810 of Figure 18(a) can include a standard system having an 
amplifier and a dispersion compensating fiber. 1820 of Figure 18(b) can 
include the optical sweeper. Curve 1840 of Figure 18(c) can correspond to 
configuration 1810. Curve 1830 can correspond to configuration 1820 having 
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the SNR booster. An improvement of about 16 dB can result with the optical 
sweeper. 

To maximize throughput of the embodiment, power level can give rise 
to, for example, roughly a n phase shift. The power level can be such as to 
5 create constructive interference. The phase shift from self phase modulation 
can be given by: 

AO = (Itt/X) L^ot (^2 lA^ff) P'"" G 
Interaction between WDM channels through cross phase modulation 
can be minimized. The change in phase due to interference from cross 
10 phase modulation can be less than, for example, n/4. The phase shift from 
cross phase modulation can be given by: 

AO^ = (2^ /A) L^^ {2n^ I A^) P"" G 
The equations above can be similar. The cross phase modulation 
nonlinearity between two wavelength channels can be twice as large as the 
15 self phase modulation coefficient. In the throughput case, the length can be 
the total length. The length in the interaction case can be the walk-off length. 
Combining these two formulas the total length of the embodiment can be 
greater than about 8 walk-off lengths. 

20 To minimize pulse distortions, the total length be less than a 

dispersive length. The dispersive length can be the soliton period or Zq. To 
minimize pulse distortions, the total length can be less than about two 
dispersive lengths, or 2Zo. These criteria can be met with DCF in the loop. 

Table 1 shows characteristic lengths for a 10 Gb/s NRZ signal for 
some embodiments. The first column can be for DCF, the second column 
can be for standard fiber such as SMF-28, and the third column can be for 
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dispersion shifted fiber assumed in this example to have a dispersion of 
about 1 ps/(nm km). The walk-off length, the soliton period, and the total 
length can be shown. A 13.5 km length embodiment is described. 

Two criteria can be given in the last two lines. For a 10 Gb/s signal, 
the dispersion compensating fiber performs well. 



Table 1 

Characteristic Lengths for 10Gb/s NRZ Signals 





DCF 
(D = -95 
ps/nm.km) 


SMF-28 
(D = 16 
ps/nm.km) 


DSF 
(D=1 
ps/nm.km) 


L^o (km) 

(2 nm spacing) 


1.05 


6.25 


100.00 


Zo (km) 

(100 ps bit period) 


129.6 


769.5 


12324.2 


Lmr (km) 


13.5 


13.5 


13.5 


T 17 


0.08 


0.46 


7.41 




9.6 


57.0 


912.9 



A higher bit rate can be shown. Table 2 shows characteristic lengths 
for a 40 Gb/s signal using three types of fiber. At higher bit rates the bit 
period shrinks. With sufficient dispersion, DCF or standard fiber (SMF-28) 
perform well. 



Table 2 

Characteristic Lengths for 40Gb/s NRZ Signals 





DCF 
(D = -95 
ps/nm.km) 


SMF-28 
(D = 16 
ps/nm.km) 


DSF 
(D= 1 
ps/nm.km) 


L^c (km) 

(2 nm spacing) 


0.26 


1.56 


25.00 


Z, (km) 

(25 ps bit period) 


8.1 


48.1 


245.4 


Ltot (km) 


13.5 


13.5 


13.5 




0.02 


0.12 


7.41 




0.6 


3.6 


57.1 



Attorney Docket No. 20434-742 
C:\NrPortbl\PALibl\KS6\1293172_l.DOC (107102) 



30 



# 



One embodiment includes a Sagnac interferometer. The relationship 
between the walk-off length, dispersive length, and total fiber length can be 
satisfactory. One embodiment includes a loop and can use dispersion 
5 compensating fiber. One embodiment can simultaneously amplify, 
dispersion compensate, and boost the signal-to-noise ratio. 

One embodiment includes an optical sweeper. One embodiment 
includes a reconfiguration of a current amplifier node. One embodiment 
includes a two-stage amplifier with dispersion compensating fiber in mid- 
10 stage access. One embodiment can include the DCF wrapped around the 
amplifier, and further include a coupler, isolator, and/or polarization 
controller. 

One systems embodiment of an ultra-long reach WDM system can 
periodically insert the SNR booster and/or split wavelengths to avoid 

15 interaction. A channel spacing less than, for example, 2 nm, is analogous to 
splitting up into multiple lines of a highway. The SNR booster can be placed 
at amplifier huts. Periodicity can determine the reach of the system. Various 
embodiments can be included in a long-distance system, metropolitan area 
networks, metro systems, router based systems, and/or switching systems. 

20 The DCF based NALM can satisfy many requirements for the optical 

sweeper. In one embodiment, the polarization controller in the loop mirror 
does not limit the bandwidth. One embodiment has at least 50 nm 
bandwidth, which can be broader than the bandwidth of most amplifiers. 
Various embodiments can use the NRZ format, RZ, and/or solitons. 

25 The power levels can depend on duty cycle. For NRZ, the power level of the 
input for a 1 0 Gb/s system can be -1 1 dBm, similar to some WDM systems. 
A transmission link simulation can show a boosting of SNR by about 16 dB. 
Optical sweeper design can have rules of thumb. 

Wrapping the DCF around the amplifier can provide for simultaneous 

30 amplification, dispersion compensation, and boosting of the SNR. One 
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embodiment applies to legacy systems as well as new-build systems or 
green-field systems. 

Figures 19, 20, and 21 show results simulations. Figure 19 shows the 
transmission of the DCF NALM versus input power. In this simulation 
5 1 3.5 km length of DCF fiber with 0.45 dB/km loss was included. 80 km of 
standard fiber (SMF-28) can be effectively compensated. An OC-192 signal 
and NRZ format corresponded to square pulses of 100 ps duration. The 
wavelength was 1550 nm. A bi-directional EDFA has 30 dB of gain and the 
polarization controller has 3 dB discrete loss. 

10 Curve 1900 shows that the transmission for weak power levels can be 

much lower than that for signals with a power level near -1 1 dBm. Noise can 
have a lower intensity than the signal. Noise transmission through the DCF 
NALM can be smaller than signal transmission. The noise can be effectively 
filtered from the output. The DCF NALM can be an intensity dependent 

15 switch. 

Input power required for maximum throughput can be on the order of 
about -1 1 dBm, which can correspond to 0.08 mW per channel. At this input 
power level, the power from the amplifier can be about 16 dBm, or 40 mW 
per channel, in the clockwise direction, and the net output power from the 

20 embodiment can be about 9.1 dBm, or 8.1 mW per channel. The input power 
can be consistent with a typical OC-192 system. 

Performance can change when other channels can be added. Figure 
20 shows curve 2000, the transmission versus channel separation with two 
channels. The wavelength of one channel can be fixed at 1550 nm, and the 

25 wavelength of the second channel can be varied. The curve 2000 shows 
slight changes in transmission when the channel separation can be larger 
than about 2 nm. A minimum channel spacing of about 2 nm can minimize 
interaction between channels 

Figure 21 shows curve 2120, the transmission of the DCF NALM 

30 versus input power with two channels. Curve 2110 shows one channel. 
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Curve 2120 can correspond to the case with one channel at a wavelength of 
1550 nm. Curve 21 10 can correspond to the case with two channels having 
a spacing of 2 nm, one at 1550 nm and a second at 1552 nm. The 
transmission at 1550 nm can be plotted versus input power. Curves 2110 
and 2120 show that transmission in the case with two channels can be 
similar to that with only one channel. The peak transmission for each case 
can occur at nearly the same input power, about -11 dBm. The transmission 
at that input level for the two cases can be similar. Adding another channel 
may not change performance very much for wavelengths separated by about 
2 nm. Some embodiments can be used for multiple wavelengths 
simultaneously. 

One embodiment of a non-linear optical loop mirror for processing 
optical signals can include an optical fiber, a bi-directional amplifier, and a 
coupler. The optical fiber can include a signal input and a signal output. At 
least a portion of the optical fiber can include a dispersion compensating 
fiber. At least a portion of the optical fiber can form a loop. The fiber loop 
can have a first end and a second end and the bi-directional amplifier can be 
positioned closer to one of the first and second ends. The fiber loop can 
include at least eight walk-off lengths. The dispersion compensating fiber 
can have an absolute magnitude of dispersion of at least 20 ps/nm-km, or of 
at least 50 ps/nm-km, for at least a portion of wavelengths in the optical 
signals. At least a portion of the dispersion compensating fiber can have an 
absolute magnitude of dispersion of at least 20 ps/nm-km, for a majority of 
wavelengths in the optical signals. The dispersion compensating fiber can 
have a nonlinear coefficient greater than 2 W-1km-1 , or greater than 3 W- 
1km-1. The dispersion compensating fiber can have a sufficiently large 
dispersion to minimize phase shift interactions between adjacent wavelength 
signals of the optical signals. The phase shift from cross phase modulation 
between adjacent wavelengths in the optical signals may be no more than Va 
of a phase shift from self phase modulation of one of the adjacent 
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wavelengths. The bi-directional amplifier can be coupled to the optical fiber. 
The bi-directional amplifier can be a rare earth doped amplifier, an erbium- 
doped fiber amplifier, and/or a Raman amplifier. The coupler can be coupled 
to a first portion of the optical fiber and a second portion of the optical fiber to 

5 form a fiber loop. The coupler can split a power of the optical signals with a 
first portion and a second portion. The first portion of the optical signals 
travels in a first direction in the fiber loop. The second portion of optical 
signals travels in a counter-propagating direction in the fiber loop. The 
coupler can provide substantially equal coupling in the two directions. The 

10 embodiment can further include a polarization controller coupled to the fiber 
loop. The polarization controller can align polarizations of the optical signals 
of the two directions when the optical signals recombine in the fiber loop. 
The embodiment can further include a lossy element coupled to the fiber 
loop. The lossy member can be selected from an add/drop multiplexer, a 

15 gain equalizer and a dispersion compensating element. The embodiment 
can provide simultaneous amplification and dispersion compensation of an 
optical signal. The embodiment can provide simultaneous amplification, 
dispersion compensation and boosting of signal to noise ratio of an optical 
signal. 

20 One embodiment of a non-linear optical loop mirror for processing 

optical signals can include a first optical fiber, a second optical fiber, a bi- 
directional amplifier, and a coupler. The first optical fiber can include a 
signal input and a signal output. The second opfical fiber can be coupled to 
the first optical fiber to form a fiber loop. The fiber loop can include at least 

25 eight walk-off lengths. The fiber loop can have a first end and a second end. 
The bi-directional amplifier can be posifioned closer to one of the first and 
second ends. At least a portion of the second optical fiber can include a 
dispersion compensafing fiber that can have an absolute magnitude of 
dispersion of at least 20 ps/nm-km for at least a portion of wavelengths in the 

30 optical signals. The dispersion compensafing fiber can have an absolute 
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magnitude of dispersion of at least 20 ps/nm-km, or at least 50 ps/nm-km, for 
at least a portion of wavelengths in the signal. The dispersion compensating 
fiber can have a nonlinear coefficient greater than 2 W-1 km-1 , or greater 
than 3 W-1 km-1. The dispersion compensating fiber can have a sufficiently 
5 large dispersion to minimize phase shift interactions between adjacent 

wavelength signals of the optical signals. The phase shift from cross phase 
modulation between adjacent wavelengths in the optical signals may be no 
more than % of a phase shift from self phase modulation of one of the 
adjacent wavelengths. The bi-directional amplifier can be coupled to at least 

10 one of the first and second optical fibers. The bi-directional amplifier can be 
a rare earth doped amplifier, an erbium-doped fiber amplifier, or a Raman 
amplifier. The bi-directional amplifier can provide a gain to the optical 
signals of at least 10 dB. The coupler can be coupled to the first and second 
optical fibers. The coupler can split a power of an optical signal with a first 

15 portion and a second portion. The first portion travels in a first direction in 
the fiber loop. The second portion travels in a counter-propagating direction 
in the fiber loop. The coupler can provide substantially equal coupling in the 
two directions. 

The embodiment can further include a polarization controller coupled 
20 to the fiber loop. The polarization controller can align polarizations of the 
optical signals of the two directions when the optical signals recombine in the 
fiber loop. The embodiment can further include a lossy element coupled to 
the fiber loop. The lossy member can be selected from an add/drop 
multiplexer, a gain equalizer and a dispersion compensating element. The 
25 embodiment can provide simultaneous amplification and dispersion 
compensation of an optical signal. The embodiment can provide 
simultaneous amplification, dispersion compensation and boosting of signal 
to noise ratio of an optical signal. 
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One embodiment of a method of processing optical signals can 
include providing a non-linear optical loop mirror that includes a dispersion 
compensating fiber and a fiber loop, the dispersion compensating fiber 
having an absolute magnitude of dispersion of at least 20 ps/nm-km for at 
5 least a portion of wavelengths in the optical signals; introducing the optical 
signal to the non-linear optical loop mirror; and simultaneously amplifying 
and dispersion compensating the optical signal in the non-linear optical loop 
mirror. The embodiment can further include simultaneously amplifying, 
dispersion compensating and boosting the signal to noise ratio of the optical 

10 signal in the non-linear optical loop mirror. The embodiment can further 
include splitting a power of an optical signal in the non-linear optical mirror 
with a first portion traveling in a first direction in the fiber loop and a second 
portion traveling in a counter-propagating direction in the fiber loop. At least 
a portion of the dispersion compensating fiber can have an absolute 

15 magnitude of dispersion of at least 20 ps/nm-km, or of at least 50 ps/nm-km, 
for at least a portion of wavelengths in the signal. The embodiment can 
further include providing substantially equal coupling of the first and second 
portion in the two directions. The embodiment can further include aligning 
polarizations of the optical signal of the two directions when recombined in 

20 the fiber loop. The dispersion compensating fiber can have a sufficiently 
large dispersion to minimize phase shift Interactions between adjacent 
wavelength signals of the optical signals. The phase shift from cross phase 
modulation between adjacent wavelengths in the optical signals may be no 
more than Vi of a phase shift from self phase modulation of one of the 

25 adjacent wavelengths. The fiber loop can include at least eight walk-off 
lengths. The embodiment can further include providing gain to the optical 
signal of at least 10 dB. 

One embodiment of a non-linear optical loop mirror for 
processing optical signals can include an opfical fiber, a bi-direcfional 

30 amplifier, and a coupler. The optical fiber can include a signal input, a signal 
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output, and a fiber loop. At least a portion of the optical fiber can include a 
sufficiently large dispersion to minimize pliase shift interactions between 
adjacent wavelength signals of the optical signals. At least a portion of the 
optical fiber can form a fiber loop. The bi-directional amplifier can be 

5 coupled to the optical fiber. The coupler can be coupled to the fiber loop. 
The phase shift from cross phase modulation between adjacent wavelengths 
in the optical signals may be no more than % of a phase shift from self phase 
modulation of one of the adjacent wavelengths. 

One embodiment of an optical regeneration system can include 

10 a wavelength demultiplexer, a wavelength multiplexer, and a plurality of 
nonlinear optical loop mirrors. Each of the plurality of nonlinear optical loop 
mirrors can include a first fiber, a second fiber, a coupler, and a first optical 
amplifier. At least a portion of the optical fiber can have an absolute 
magnitude of dispersion of at least 20 ps/nm-km, or at least 50 ps/nm-km, for 

15 at least a portion of wavelengths in the signal. The optical fiber can have a 
nonlinear coefficient greater than 2 W-1 km-1 , or greater than 3 W-1km-1 . 
The first fiber can include a first end, a second end, and a first effective 
nonlinearity. The first effective nonlinearity can be determined at least by an 
index of refraction of the first fiber and an effective area of the first fiber. The 

20 second fiber can include a first end, a second end, and a second effective 
nonlinearity determined at least by an index of refraction of the second fiber 
and an effective area of the second fiber. The first effective nonlinearity can 
be distinct from the second effective nonlinearity. The coupler can be 
coupled to the first end of the first fiber, the first end of the second fiber, the 

25 wavelength demultiplexer, and the wavelength multiplexer. The fiber loop 
can include at least eight walk-off lengths. The fiber loop can have a first 
end and a second end. The bi-directional amplifier can be positioned closer 
to one of the first and second ends. The bi-directional amplifier can be a 
rare earth doped amplifier, an erbium-doped fiber amplifier, and a Raman 

30 amplifier. The coupler can split a power of an optical signal with a first 
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portion traveling in a first direction in the fiber loop and a second portion 
traveling in a counter-propagating direction in the fiber loop. The coupler 
can split a power of the optica! signals with a first portion of the optical 
signals traveling in a first direction in the fiber loop and a second portion of 

5 optical signals traveling in a counter-propagating direction in the fiber loop. 
The coupler can provide substantially equal coupling in the two directions. 
The first optical amplifier can be coupled to the second end of the first fiber 
and the second end of the second fiber. The first optical amplifier amplifies at 
least signals traveling in a first direction from the second end of the first fiber 

10 to the second end of the second fiber and signals traveling in a second 
direction from the second end of the second fiber to the second end of the 
first fiber. The phase shift from cross phase modulation between adjacent 
wavelengths in the optical signals may be no more than % of a phase shift 
from self phase modulation of one of the adjacent wavelengths. The 

15 embodiment can further include a polarization controller. The polarization 
controller can be coupled to the fiber loop. The polarization controller can 
align polarizations of the opfical signals of the two direcfions when the optical 
signals recombine in the fiber loop. The embodiment can further include a 
lossy element coupled to the fiber loop. The lossy member can be selected 

>0 from an add/drop mulfiplexer, a gain equalizer and a dispersion 

compensating element. The embodiment can provide simultaneous 
amplification and dispersion compensation of an optical signal. The 
embodiment can provide simultaneous amplification, dispersion 
compensafion and boosfing of signal to noise ratio of an opfical signal. The 

25 embodiment can provide a bi-directional amplifier gain of at least 1 0 dB. 

One embodiment of an opfical system for processing optical 
signal, can include an input optical fiber, a splitter, and at least a first loop 
mirror. The splitter can be coupled to the input opfical fiber. The splitter 
separates adjacent channels of an input optical signal. At least a first loop 

30 mirror can be coupled to the splitter. At least a first loop mirror includes a 
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fiber loop. The fiber loop can include at least eigfit walk-off lengths. The 
fiber loop can have a first end and a second end. A bi-directional amplifier 
can be positioned closer to one of the first and second ends. The bi- 
directional amplifier can be a rare earth doped amplifier, an erbium-doped 
5 fiber amplifier, and a Raman amplifier. The bi-directional amplifier can 
provide a gain to the optical signals of at least 10 dB. At least a portion of 
the fiber loop includes a dispersion compensating fiber. At least a portion of 
the dispersion compensating fiber can have an absolute magnitude of 
dispersion of 20 ps/nm-km for at least a portion of wavelengths in the optical 

10 signals. At least a portion of the dispersion compensating fiber can have an 
absolute magnitude of dispersion of at least 50 ps/nm-km for at least a 
portion of wavelengths in the optical signals. The dispersion compensating 
fiber can have a nonlinear coefficient greater than 2 W-1km-1 , or greater 
than 3 W-1km-1 . The dispersion compensating fiber can have a sufficiently 

15 large dispersion to minimize phase shift interactions between adjacent 

wavelength signals of the optical signals. The phase shift from cross phase 
modulation between adjacent wavelengths in the optical signals may be no 
more than Va of a phase shift from self phase modulation of one of the 
adjacent wavelengths. Alternative embodiments include loop mirror of 

20 another embodiment. The embodiment can further include a combiner 

coupled to the at least first loop mirror. The embodiment can further include 
at least one output fiber coupled to the combiner. The embodiment can 
further include a coupler. The coupler can split a power of the optical signals 
with a first portion of the optical signals traveling in a first direction in the fiber 

25 loop and a second portion of optical signals traveling in a counter- 
propagating direction in the fiber loop. The coupler can provide substantially 
equal coupling in the two directions. The embodiment can further include a 
polarization controller. The polarization controller can be coupled to the fiber 
loop. The polarization controller can align polarizations of the optical signals 

30 of the two directions when the optical signals recombine in the fiber loop. 
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The embodiment can further include a lossy element coupled to the fiber 
loop. The lossy member can be selected from an add/drop multiplexer, a 
gain equalizer and a dispersion compensating element. The embodiment 
can provide simultaneous amplification and dispersion compensation of an 
5 optical signal. The embodiment can provide simultaneous amplification, 
dispersion compensation and boosting of signal to noise ratio of an optical 
signal. 

One embodiment of a non-linear optical loop mirror can include a first 
optical fiber, a second optical fiber, and a coupler. The first optical fiber can 

10 include a first effective non-linearity. The first effective non-linearity can be 
directly proportional to a non-linear index of refraction of the first optical fiber 
and inversely proportion to an effective area of the first optical fiber. A length 
of the first optical fiber can be greater than a walk-off length for at least a 
portion of adjacent wavelengths propagating in the first fiber. The second 

15 optical fiber can be coupled to the first optical fiber and can form a fiber loop. 
The second optical fiber can include a second effective non-linearity that can 
be different from the first effective non-linearity. The second effective non- 
linearity can be directly proportional to a non-linear index of refracfion of the 
second optical fiber and inversely proportion to an effective area of the 

20 second optical fiber. A difference between the first and second effective 
non-linearities can be greater than 20% of at least one of the first and 
second effective non-linearities. A length of the second fiber can be greater 
than a walk-off length for at least a portion of adjacent wavelengths 
propagating in the second fiber. At least one of the first and second optical 

25 fibers has a length of at least 1 00 m. At least one of the first and second 
optical fibers can have a sufficiently large dispersion to minimize phase shift 
interactions between adjacent wavelength signals of the optical signals. The 
phase shift from cross phase modulation between adjacent wavelengths in 
the opfical signals may be no more than % of a phase shift from self phase 

30 modulation of one of the adjacent wavelengths. The first and second optical 
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fibers can have different dispersions. At least a portion of one of the first and 
second optical fibers can be a dispersion compensating fiber. The 
dispersion compensating fiber can have an absolute magnitude of dispersion 
of at least 20 ps/nm-km, or at least 50 ps/nm-km, for at least a portion of 
5 wavelengths in the signal. The dispersion compensating fiber can have a 
nonlinear coefficient greater than 2 W-1km-1 , or greater than 3 W-1 km-1 . 
The coupler can be coupled to the first and second optical fibers. The 
coupler can split a power of an optical signal with a first portion traveling In a 
first direction in the fiber loop and a second portion traveling in a counter- 
10 propagating direction in the fiber loop. The coupler can provide substantially 
equal coupling in the two directions. The embodiment can further include a 
polarization controller. The polarization controller can be coupled to the fiber 
loop. The polarization controller can align polarizations of the optical signals 
of the two directions when the optical signals recombine in the fiber loop. 
1 5 The embodiment can further include a lossy element coupled to the fiber 
loop. The lossy member can be selected from an add/drop multiplexer, a 
gain equalizer and a dispersion compensating element. The embodiment 
can provide simultaneous dispersion compensation and boosting of signal to 
noise ratio of an optical signal. 
20 One embodiment of a non-linear optical loop mirror can include a first 

optical fiber, a second optical fiber, bi-directional amplifier, and a coupler. 
The first optical fiber can include a first effective non-linearity. The first 
effective non-linearity can be directly proportional to a non-linear index of 
refraction of the first optical fiber and inversely proportion to an effective area 
25 of the first optical fiber. A length of the first optical fiber can be greater than 
a walk-off length for at least a portion of adjacent wavelengths propagating 
in the first fiber. The second optical fiber can be coupled to the first optical 
fiber and can form a fiber loop. The second optical fiber can include a 
second effective non-linearity that can be different from the first effective 
30 non-linearity. The second effective non-linearity can be directly proportional 
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to a non-linear index of refraction of tine second optical fiber and inversely 
proportion to an effective area of the second optical fiber. A difference 
between the first and second effective non-linearities can be greater than 
20% of at least one of the first and second effective non-linearities. A length 

5 of the second fiber can be greater than a walk-off length for at least a portion 
of adjacent wavelengths propagating in the second fiber. At least one of the 
first and second optical fibers has a length of at least 100 m. At least one of 
the first and second optical fibers can have a sufficiently large dispersion to 
minimize phase shift interactions between adjacent wavelength signals of 

10 the optical signals. The phase shift from cross phase modulation between 
adjacent wavelengths in the optical signals may be no more than % of a 
phase shift from self phase modulation of one of the adjacent wavelengths. 
The first and second optical fibers can have different dispersions. At least a 
portion of one of the first and second optical fibers can be a dispersion 

15 compensating fiber. The dispersion compensating fiber can have an 
absolute magnitude of dispersion of at least 20 ps/nm-km, or at least 50 
ps/nm-km, for at least a portion of wavelengths in the signal. The dispersion 
compensating fiber can have a nonlinear coefficient greater than 2 W-1km-1 , 
or greater than 3 W-1km-1 . The bi-directional amplifier can be coupled to at 

10 least one of the first and second optical fibers. The bi-directional amplifier 
can be coupled to each of the first and second optical fibers. The bi- 
directional amplifier can be positioned substantially at a midpoint of the fiber. 
The bi-directional amplifier can be a rare earth doped amplifier, an erbium- 
doped fiber amplifier, and a Raman amplifier. The bi-directional amplifier 

25 can provide a gain to the optical signals of at least 10 dB. The coupler can 
be coupled to the first and second optical fibers. The coupler can split a 
power of an optical signal with a first portion traveling in a first direction in the 
fiber loop and a second portion traveling in a counter-propagating direction 
in the fiber loop. The coupler can provide substantially equal coupling in the 

30 two directions. The embodiment can further include a polarization controller. 
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The polarization controller can be coupled to the fiber loop. The polarization 
controller can align polarizations of the optical signals of the two directions 
when the optical signals recombine in the fiber loop. The embodiment can 
further include a lossy element coupled to the fiber loop. The lossy member 
can be selected from an add/drop multiplexer, a gain equalizer and a 
dispersion compensating element. The embodiment can provide 
simultaneous amplification and dispersion compensation of an optical signal. 
The embodiment can provide simultaneous amplification, dispersion 
compensation and boosting of signal to noise ratio of an optical signal. 

The foregoing description of the invention has been presented for 
purposes of illustration and description. It is not intended to be exhaustive or 
to limit the invention to the precise forms disclosed. Many modifications and 
variations will be apparent to those skilled in the art. 
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